INTRODUCTION
There is abundant evidence demonstrating a key role for the hippocampus and MEC in landmark-and path integration-based navigation (O'Keefe and Nadel, 1978; Morris et al., 1982; Nadel, 1991; McNaughton et al., 1996 McNaughton et al., , 2006 Whishaw et al., 2001a; Parron and Save, 2004; Steffenach et al., 2005) . Both areas contribute to spatial mapping, with place cells in the hippocampus firing at particular locations in the environment (O'Keefe and Dostrovsky, 1971) , and grid cells in MEC providing a precise two-dimensional metric for space (Hafting et al., 2005) . The hippocampal-MEC circuit alone, however, is insufficient to carry out the full complement of functions required for goal-oriented navigation. Many additional areas of cortex have been suggested to be critical to navigation, but they may contribute different computations than the hippocampal-MEC circuit (Kolb et al., 1983; Kolb and Walkey, 1987; Sutherland and Hoesing, 1993; Aguirre and D'Esposito, 1999; Vann et al., 2009; Silver and Kastner, 2009; Save and Poucet, 2009) . One of these computations is likely the transformation of world-based spatial input into signals used to direct movements in first-person. It has been hypothesized that this function requires the PPC (Byrne et al., 2007; Whitlock et al., 2008) .
PPC is located between visual and sensorimotor cortices and has dense, reciprocal connections with both areas (Akers and Killackey, 1978; Cavada and Goldman-Rakic, 1989; Reep et al., 1994; Wise et al., 1997) . Decades of research, primarily in nonhuman primates, have established that PPC plays a central role in sensorimotor transformations required to target specific actions to precise spatial locations (Mountcastle et al., 1975; Andersen et al., 1987; Perenin and Vighetto, 1988) , providing what has been termed ''vision for action'' (Goodale and Milner, 1992) . It is now appreciated that cell populations in PPC are parceled into subareas that encode information in different reference frames and in turn direct the planning and execution of specific types of actions in space such as reaching, moving the head, or changing gaze (Andersen and Buneo, 2002; Milner and Goodale, 1996; Rizzolatti et al., 1997) . A detailed understanding of PPC functions has begun to crystallize, but a major drawback to understanding the role of PPC in navigation is the requirement that nonhuman primate subjects are headrestrained. Recording studies in rats, in which the subjects were freely moving (McNaughton et al., 1989; Nitz, 2006) , as well numerous lesion studies in rodents (see Save and Poucet, 2009 for review) have led to the view that PPC cells integrate signals regarding bodily movement and visuo-spatial features of the environment, but the relative contribution of these signals has not been determined. It also remains unknown whether representations in PPC interact with self-location signals in the hippocampal-MEC circuit.
To determine what factors influence firing in PPC and MEC and whether navigational experience is represented independently in those areas, we recorded single units simultaneously from PPC and MEC in unrestrained rats in several foraging or navigation tasks. During spontaneous foraging in an open arena PPC cells encoded particular states of motion and acceleration, and could predict impending movements. The cells retuned completely when the same animals ran in a geometrically structured hairpin maze in the same location, or when the rats ran hairpin-like sequences in the open arena. Grid cells in MEC, on the other hand, were sensitive to changes in spatial inputs outside the maze. The data show that representations in MEC and PPC change independently of one another.
RESULTS
Recording Electrodes Were Placed Centrally in PPC Eight rats were given microdrive implants with tetrodes penetrating layers II, III, or V of MEC in one hemisphere, and deeper layers (>500 mm) of PPC in the contralateral hemisphere (Figure 1) . Coordinates for PPC implantation ($2.5 mm lateral of midline and $À4.0 mm posterior to Bregma) were consistent with anatomical descriptions of rodent PPC based on thalamocortical and cortico-cortical connections (Chandler et al., 1992; Kolb and Walkey, 1987; Reep et al., 1994) , as well as studies characterizing navigational deficits following lesions to PPC (Kolb and Walkey, 1987; Save and Moghaddam, 1996) . The same implantation site was targeted across subjects, making small variations to avoid surface vasculature. Overall, electrode penetrations in this study appeared slightly posterior to those of Nitz (Figure S7 in Nitz [2006] ) and corresponded to the rostral and lateral-most locations reported by Chen et al. (1994a) (see Figures S1A and S1B available online for all recording locations). All recordings were performed in accordance with the Norwegian Animal Welfare Act and the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes.
PPC Cells Show Poor Spatial Tuning in an Open Arena
All eight rats yielded well-isolated cells in MEC, and PPC units were recorded simultaneously in five of the animals (Figures 1  and S1A ). Recordings were made while rats foraged for cookie crumbs in a 1.5 3 1.5 m box with black Perspex walls and a black vinyl floor. Animals' paths were tracked using dual infrared headmounted LEDs. Cells in MEC showed a variety of spatial responses including grid patterns, head direction selectivity, and firing in proximity to box walls, whereas PPC cells showed poor spatial tuning (Figure 2 , column 1).
Grid cells were identified by comparing rotational symmetry (''grid scores'') in individual spatial autocorrelation maps with the distribution of symmetry in autocorrelation maps for shuffled versions of the spike-position data (Langston et al., 2010; Wills et al., 2010; Boccara et al., 2010) (Figure S2 ). Cells in the observed data with grid scores above the 99th percentile of the distribution from the shuffled data were defined as grid cells. Using this statistical approach, we identified 53 grid cells in MEC. In PPC, only 1 of 98 cells exceeded the statistical criterion for grid cells. This was not more than expected by random selection from the shuffled distribution (Z = 0.02, p > 0.95; large-sample binomial test with expected P 0 of 0.01). Spatial information content and coherence were low in PPC cells, though a few cells preferred the walls or corners of the box. In some cases this resulted in scores for spatial information content (two cells, Z = 1.04, p > 0.3) and spatial coherence (four cells, Z = 3.07, p < 0.005) that exceeded the 99th percentile of the distribution of shuffled data. Head direction signal was also marginal in PPC (Figure 2 , column 2), with 4 of 98 cells expressing mean vector lengths for firing rate as a function of head direction that exceeded the 99th percentile of the shuffled distribution (summarized in Figure S3 ). Thus, unlike farther caudal areas of posterior cortex (Chen et al., 1994b) , head direction signal at more rostral locations in this study and at even farther rostral locations (as in Nitz, 2006) appears weak.
PPC Cells Are Tuned to Self-Motion and Acceleration during Free Exploration
Work in the 1980s showed that cells in the rat parietal region are sensitive to movement types ranging from limb displacements during treadmill running (Chapin and Woodward, 1986) to discrete modes of locomotion in a radial maze (McNaughton et al., 1989) . Recent work has also established that representations of movement in PPC can scale to match different epochs in labyrinthian mazes (Nitz, 2006) . It remains to be determined, however, how PPC cells respond during autonomous, spontaneous movement through open space. A serious hindrance to detecting neural correlates of movement in freely behaving animals is that they move abruptly and at inconsistent locations, which would obscure behavioral correlates in a time-averaged rate map. Indeed, the PPC cells in the open field show poor spatial structure, coherence and stability.
We therefore constructed firing rate maps based on momentto-moment changes in an animals' state of motion instead of world-based coordinates used in traditional spatial maps (method illustrated in Figure S4 ; see also Chen et al., [1994a] ). Self-motion based firing rate maps failed to reveal consistent firing patterns for most grid cells, though a subset of cells preferred higher running speeds (as reported in Sargolini et al., 2006) . To determine what percentage of the population showed tuning beyond chance levels we compared self-motion rate maps from grid cells against maps generated from shuffled data (randomized as described in Figure S2 ), and found that a modest but significant proportion of cells expressed maps that were more coherent (8 of 53 cells [15.1%] , Z = 14.0, p < 0.001) and more stable (6 of 53 cells [11.3%], Z = 10.2, p < 0.001; Figure 3B ) than the 99th percentile of the distribution of shuffled data. To determine whether grid cells were sensitive to acceleration we next constructed rate maps based on changes in instantaneous speed and direction and found that a small fraction of cells showed acceleration tuning beyond chance levels (3 of 53 cells had an acceleration based rate map that exceeded the 99th percentile of the distribution of Black arrows show recording sites. All recordings in PPC were at least 500 mm deep. Recordings in MEC were in Layer II (as shown), as well as in Layers III and V in other rats (see Figure S1 ).
shuffled data for coherence, Z = 4.64, p < 0.001; three different cells passed the same criterion for stability, Z = 4.64, p < 0.001; Figure 3C ).
In contrast, a substantial fraction of cells in PPC expressed discrete firing fields corresponding to movement states such as forward motion to the left or right, left-and rightward displacement regardless of forward velocity, or high forward-velocity states irrespective of left or rightward motion (Figure 2 ). The representations did not vary when the analysis was restricted to path segments in different areas of the arena (i.e., along each of the four walls, or in the west half versus east half of the arena; not shown) and were stable from one session to the next ( Figure S5 ). Self-motion rate maps for just under half the cells in PPC were more coherent (42 of 98 cells [43%]; Z = 41.6, p < 0.001) and more stable (47%; Z = 45.7, p < 0.001; Figure 3B ) than the 99th percentile of the distribution of shuffled data. To quantify how sharply cells were tuned to different movement types we measured firing field dispersion by calculating the mean distance (in centimeters) between the 10% of pixels in the rate map that had the highest firing rates. Cell ''PPC 1'' in Figure 2 , for example, had a low mean dispersion since pixels with the highest firing rates were condensed around one location (in this case corresponding to forward motion to the right). Forty-two of 98 cells in PPC (i.e., 43%) showed less firing field dispersion than the lowest percentile of the shuffled distribution (Z = 40.6, p < 0.001; Figure 3B ). This fraction was significantly larger than for grid cells (15.1% in MEC versus 43% in PPC, Z = 3.46, p < 0.001; Figure 3B ). In addition, significantly Figure S3 for full quantitative analysis. Third column: self-motion-based rate maps. The grid cell did not show movement-related firing fields, whereas many PPC cells did. The PPC examples typify the modes of movement to which the cells responded, such as forward motion to the left or right (PPC 1), left-or rightward displacement irrespective of forward velocity (PPC 2), or high forward velocity (PPC 3). See Figure S4 for method for generating such maps. Fourth column: acceleration based rate maps. The grid cell did not show tuning to acceleration status, but many cells in PPC did. Acceleration preferences of PPC cells often matched self-motion preferences (as with PPC 1 and PPC 2); in some cases the relationship was more complex (e.g., PPC 3 fired during high forward velocity regardless of acceleration or deceleration). more PPC cells had rate maps that exceeded the 99th percentile of the shuffled distribution for coherence (Z = 3.46, p < 0.001) and stability (Z = 4.4, p < 0.001). As a whole, the PPC cell population had self-motion rate maps with less firing field dispersion ( firing fields with less dispersion than the lowest percentile of the distribution of shuffled data (Z = 28.4, p < 0.001). Thirty percent also expressed rate maps that were more coherent, and 34% had maps that were more stable than the 99th percentile of the distribution of shuffled data (Z = 28.4, p < 0.001 for coherence; Z = 32.5, p < 0.001 for stability). The degree to which individual PPC cells were tuned to acceleration and self-motion was strongly correlated (r = 0.60, p < 0.001 for firing field dispersion; r = 0.70, p < 0.001 for coherence; r = 0.74, p < 0.001 for stability). A large majority of cells that expressed tuning to acceleration (85%-90%) also showed tuning for self-motion. Compared to PPC, the proportion of grid cells in MEC showing acceleration tuning beyond chance levels was substantially smaller (Z = 3.43, p < 0.001 for rate map coherence; Z = 3.86, p < 0.001 for stability; Z = 3.43, p < 0.001 for firing field dispersion). The distributions of values for coherence (D = 0.33, p = 0.001; K-S test) and stability (D = 0.40, p < 0.001) were also significantly lower in MEC cells, while firing field dispersion was significantly larger (D = 0.24, p < 0.05). Whether or not individual PPC cells passed the criterion for showing tuning to acceleration or self-motion could not be predicted by the cluster isolation of the cells (Z-scores for large-sample binomial comparisons of PPC cells with isolation scores above and below the median isolation distance ranged from 0.66 to 1.76, p values ranged from 0.08 to 0.51).
To determine whether PPC cells exhibit anticipatory firing, as described in primates prior to eye or hand movements (see Andersen and Buneo, 2002 for review), we analyzed whether the time window within which PPC cells showed self-motion tuning extended to include movements from path segments that preceded or succeeded the animal's actual position (Figure 4) . The cells showed tuning to upcoming actions that occurred up to 500 ms after the spikes. The tuning of the cells fell off almost immediately after a movement was executed, suggesting that the tuning was genuinely anticipatory and not related to the temporal structure of the animal's movements (Figures 4B and 4C) . Thus, PPC cells in rats express information about ongoing and impending movements during unrestrained foraging, whereas grid-cell maps are independent of the state of motion.
PPC Cells Express Spatially Discrete Firing Fields in the Hairpin Maze
Since PPC cells showed tuning to self-motion and acceleration in the open field, we reasoned that spatial correlates may emerge when particular behaviors are executed reliably at particular locations (see also McNaughton et al., 1989 McNaughton et al., , 1994 . To determine this we recorded from the same rats as in the open field in a hairpin maze comprised of a stack of 10 interconnected, equally sized alleys running north-to-south ( Figure 5A ) (Derdikman et al., 2009 ). The maze was constructed by inserting opaque Perspex walls in to floor grooves in the open field arena, allowing us to maintain the same recording location and spatial cues outside the arena. The rats were trained to make repeated east-towest and west-to-east traversals during 20 min recording sessions, receiving a food reward at the end of each lap.
The maze limited the rats' modes of movement to sequences of straight running, left turns, and right turns, causing the emergence of apparently-spatial firing fields. Cells that preferred straight running fired in maze alleys, while other cells fired just before or after turns, and other cells fired during the turns themselves ( Figure 5B ). The firing fields were stable within and between recording sessions and the discharge correlates were the same for east-and westbound trajectories ( Figure 5B ). Simultaneously recorded grid cells also expressed discrete firing fields in the hairpin maze ( Figure 5C ). As found previously, the hexagonal geometry of the firing fields seen in the open field was fragmented into stable patterns that repeated across maze arms in which the animals ran in the same direction, and the maps differed for east-and westbound trajectories (Derdikman et al., 2009 ).
PPC Cells Express Firing Fields Independently of MEC
The hairpin maze enabled us to determine whether representations in PPC and MEC were expressed synchronously or independently since it elicited spatially discrete firing fields from cells in both areas. We hypothesized that running the rats in hairpin mazes in two different rooms would drive grid cells to realign their firing fields (Fyhn et al., 2007; Hafting et al., 2005) and allow us to observe whether such a realignment extended to representations in PPC as well ( Figure 6A ). We ran the rats in hairpin mazes in two different rooms and found that grid cells realigned their firing fields completely in the different rooms, while parietal cells maintained the same preferences ( Figure 6A ). Statistical analysis confirmed that the firing field locations of PPC cells were more correlated than those of grid cells in different rooms (mean r value of 0.47 for PPC cells versus 0.03 for grids cells; D = 0.54, p < 0.001, K-S test; Figure 6B ), while cells from both areas expressed comparable stability in the same-room condition (mean r value of 0.56 for PPC cells versus 0.59 for grid cells; D = 0.11, p > 0.3; Figure 6B ). Thus, representations in PPC were unchanged despite a complete realignment of firing fields in MEC.
PPC Cells Respond to Behavioral Constraints More Than Spatial Structure
The observation that cells in PPC maintain their firing preferences in different recording rooms does not mean that representations in PPC are disconnected from the environment. Electrophysiological studies have shown that locomotor responses of PPC cells vary depending on where in a maze or along which route an action was made (McNaughton et al., 1989; Chen et al., 1994a; Nitz, 2006; Sato et al., 2006) . It has never been determined, however, whether PPC cells respond primarily to the structure of the animal's behavior in the task, or to the structure of the environment in which the recording was made. To address this we compared firing properties of PPC cells in the hairpin maze and open field in several ways.
First, we generated self-motion and acceleration rate maps from recordings in the hairpin maze and found that a large fraction of PPC cells showed tuning to discrete modes of movement and that these representations were stable across west-and eastbound traversals ( Figures S6-S8 ). The independence of running direction implies that the firing was independent of major sensory cues in this task. At the same time, we found that running in the hairpin task expanded the tuning of PPC cells to path segments traversed more than 1 s before and after the animals' actual position ( Figure S9 ). This may reflect the stereotypic sequential ordering of the animal's behavior in this particular task, suggesting that the firing may have been dependent on the particular actions performed by the animal. Finally, when comparing self-motion and acceleration rate maps of PPC cells between the hairpin maze and open field, we observed that although measures of stability, coherence, and firing field dispersion were significantly correlated (r values were between 0.25-0.45), the locomotor behaviors to which the cells were tuned switched completely between tasks (mean correlation of self-motion maps was r = À0. Figure 7) . Only half the cells that exceeded the 99th percentile of the shuffled distribution in the hairpin maze passed the same criterion in the open field, reinforcing the idea that PPC cells are modulated strongly by variables that distinguish the hairpin task from the open field. However, despite the indications above, it remains unclear from these analyses whether the change in tuning was driven by differences in geometry or behavior.
To determine whether PPC cells were sensitive primarily to changes in the spatial layout or to the differences in behavioral constraints between the two tasks, we recorded 100 single units A) Simulated data were used to validate scripts for making self-motion rate maps. Left: simulated path with spikes for a cell that fires before a left turn; self-motion rate maps to the right are from the simulated data, and illustrate how the maps look when the time window for calculating movement vectors was slid to path segments so that the spikes precede (À100 ms), coincide with (0 ms), or succeed the path segments (+100 ms). Right: another simulated cell that fires after a right turn; rate maps for that cell are shown to the right. (B) Rate maps for a PPC cell tuned to right-forward displacements; the maps were made using spiking activity and path segments traversed up to 1 s prior to and after the animal's actual position. This cell expressed clear tuning up to 250 ms before the actual displacement; tuning was less clear outside this interval. (C) Quantification of stability, coherence, and firing field dispersion for rate maps using path segments up to 1 s before and after the animal's actual position; the graphs show that PPC cells (relative to grid cells) show temporally asymmetric tuning for movements starting $500 ms before the movements occur. Data points reflect the mean ± standard error of the mean.
in PPC of three additional rats ( Figure S10 ) and trained them to perform a ''virtual hairpin'' task in which the animals ran stereotypic laps similar to the hairpin maze, but in the open field (Fig- ure 8A and Movie S1; see also Derdikman et al., 2009 ). We then recorded from the animals as they performed the open field, virtual hairpin, and hairpin tasks. We compared self-motion and acceleration preferences of PPC cells in each of the tasks and found that the selfmotion maps of the cells were significantly more matched between the virtual hairpin and real hairpin maze (mean r value of 0.32) than between the virtual hairpin and open field (mean r value of 0.05; D = 0.55, p < 0.001, K-S test, Figure 8B ; mean r value of 0.26 for acceleration maps in the hairpin maze versus virtual hairpin, mean r of 0.13 for open field versus virtual hairpin, D = 0.37, p < 0.001). Although the maps were not perfectly matched between the virtual hairpin and hairpin maze (mean r value for self-motion maps from successive virtual hairpin sessions was 0.43, and 0.32 for virtual hairpin versus hairpin maze, D = 0.2, p < 0.05), the data nonetheless show that restructuring the animals' behavior was a principal factor driving PPC cells to retune between the tasks. It is noteworthy that Derdikman et al. (2009) showed that grid cell maps did not change between the open field and virtual hairpin tasks, which further suggests that representations in PPC and MEC are expressed in parallel.
Finally, we wished to test whether changing spatial inputs outside the task influenced selfmotion tuning in PPC cells. To this end, we compared self-motion and acceleration maps from the PPC cells recorded in the two-room recording experiment outlined in Figure 6 . Self-motion and acceleration based maps were similarly correlated across subsequent recordings in hairpin mazes in rooms A and B (Figure S11 ), indicating that changes in spatial inputs outside the task did not affect the tuning of the cells.
DISCUSSION
This study demonstrates that cells in PPC encode precise self-motion and acceleration states, both as movements are executed and up to 500 ms in advance, during free foraging in an open arena. The tuning of PPC cells changed completely between the open field and hairpin maze, which we found was related to the restructuring of the animals' behavior between the two tasks. Our observations from the virtual hairpin showed that PPC cells can retune without relation to the physical structure of the environment. Furthermore, representations in PPC were insensitive to changes in spatial inputs when an animal performed the same task in different rooms, as opposed to grid cells that expressed distinct spatial codes in different recording environments. The finding that representations in PPC remain constant despite a shift in spatial representations in MEC suggests a functional split in information processing across the two areas.
Cells in PPC Represent Self-Motion and Acceleration during Unrestrained Movement
Nearly a century of research and clinical observations points to the involvement of PPC in the visual guidance of movements in space. A myriad of electrophysiological studies in primates have led to the view that anatomically segregated cell populations in PPC combine inputs across sensory domains and transform that information into movement plans and actions (Andersen and Buneo, 2002; Rizzolatti et al., 1997 humans (Maguire et al., 1998; Rosenbaum et al., 2004; Spiers and Maguire, 2006) during virtual reality tasks have identified candidate areas of parietal cortex involved in navigation and route planning, but the only data to date describing the tuning of parietal cells in freely behaving animals were collected in rats. Although PPC in primates is larger and more elaborate than the rat homolog, the topological organization of PPC relative to other cortical areas and the anatomical connectivity is similar in both species. There are comparable thalamic inputs, similar connections with sensory areas including predominant visual input, and the reciprocal connectivity with prefrontal areas is consistent across species (see Whitlock et al., 2008 for review). The data collected in freely behaving rats in this study advance our understanding of how cells in PPC encode bodily motion in unstructured versus structured tasks, and question the primacy of spatial inputs in shaping receptive fields in PPC. We decomposed the serpentine paths of rats in an open arena and constructed firing rate maps based on the animals' elementary states of motion and acceleration to show that a significant fraction of cells in PPC represented the animals' continuously changing direction and speed. The animals' movements were autonomous, and limited only by the walls enclosing the recording area. We used a statistical approach to determine whether cells showed behavioral tuning beyond the level expected by chance by comparing the data for each cell against the distribution of randomly shuffled spike times. Using this approach we determined that just under half the cells in PPC were tuned to discrete states of motion, and that the majority of this subset of cells showed tuning to corresponding acceleration states. The proportion of cells showing self-motion tuning was consistent with findings from prior work (McNaughton et al., 1994) . Although the animals in the earlier studies of McNaughton et al. (1989 McNaughton et al. ( , 1994 were freely moving, their behavior (e.g., running direction, turning) was constrained by an 8-arm radial maze. By recording in an open field in this study we were able to measure the tuning of PPC cells strictly to selfguided movement and to later assess the effect of adding internal structures. Both our study and that of McNaughton et al. (1994) found that PPC cells were tuned to relatively simple motion states. Precise representations of basic motion are likely instrumental in calibrating one's bodily movement through space, and the lack of motion-specific representation may underlie the inability of PPC-lesioned rodents to maintain goaloriented trajectories in navigation tasks requiring the use of visual cues (DiMattia and Kesner, 1988; Kolb and Walkey, 1987; Kolb et al., 1994) or path integration (Save et al., 2001; Save and Moghaddam, 1996) .
Our temporal analysis of the tuning of PPC cells in the open field revealed, to our knowledge, the first evidence of prospective coding in PPC in rats. Until now this property had only been observed in PPC of primates performing highly structured perceptual or motor tasks (e.g., Gold and Shadlen, 2000; Cui and Andersen, 2007) . The animals' movements in the open field in our study were spontaneous (i.e., they were not cued) and could be mapped 0-500 ms in advance, but this time window could scale differently in tasks with different behavioral or cognitive contingencies ( Figure S9 ). Although the predetermined structuring of the animals' behavior in the hairpin maze precluded any strong conclusions about prospective encoding of PPC cells in that task, future studies designed to more precisely test movement planning or decision making in PPC in rodents may illuminate common functions of PPC across primate and rodent species. 
Environmental and Behavioral Determinants of Tuning in PPC
We next wished to determine how PPC cells responded when animals ran in a geometrically structured environment such as the hairpin maze. The maze restricted the animals' movements to straight running and turns, revealing apparently spatial firing fields for PPC cells in different maze segments. The cells fired irrespective of the animals' heading, allocentric position and trajectory in the maze when a particular movement occurred. We found that PPC cells were tuned to totally different behaviors in the hairpin maze and open field, and recordings in the virtual hairpin showed that restructuring the animals' behavior was the primary factor in driving the cells to retune. While we acknowledge that changes in locomotor behavior alone likely account for only a fraction of the variability observed in the PPC cell population, the data suggest nevertheless that engaging an animal in a goal-driven task alters the way PPC cells represent an animal's state of motion. As there was no change in local sensory inputs between the open field and virtual hairpin, it is possible that the retuning of the cells was driven by inputs from neural populations mediating the cognitive demands of the task. The similarity of the PPC representations between the virtual hairpin and hairpin maze suggests that the cells' responses were shaped by the similar behavioral constraints of the two tasks, and may imply that comparable anatomical inputs were at play in driving the cells in each condition.
The retuning of PPC cells between the open field and virtual hairpin demonstrates that the way in which the cells represented locomotor actions changed depending on the task in which the actions were embedded. This finding is conceptually similar to observations in mirror neurons in primates, where cells in the inferior parietal lobule distinguished between similar grasping movements depending on the intended goal of the movement (Fogassi et al., 2005) . In terms of navigation, prior studies established that PPC cells encode sequences of movements in a route-specific manner (Sato et al., 2006; Nitz, 2006) . Our results add to these findings by showing that PPC cells encode movements differently depending on the structure of the animals' behavior per se, in the absence of any physical maze, and support the interpretation that the parietal contribution to navigation has more to do with the organization of actions than the formation of a spatial image.
Independent Representations in PPC and MEC
A central aim of this study was to discern whether representations in PPC and MEC were expressed synchronously or in parallel. PPC cells expressed firing fields corresponding to translational movements irrespective of an animal's location, whereas grid cells in MEC expressed spatial maps independently of the animals' state of motion. Representations in both PPC and MEC were affected when the animals were placed in the hairpin maze, with cells in PPC switching behavioral correlates completely and grid cells showing a fragmentation of the hexagonal structure of their firing fields. We tested the effect of manipulating spatial inputs outside the task by running the animals in hairpin mazes in two different rooms and found that PPC cells retained their firing preferences despite a complete reorganization of grid cell firing fields. The converse was the case in the virtual hairpin, in which representations in PPC retuned while grid maps were unaffected (as reported in Derdikman et al., 2009) . Together, these data suggest that representations in PPC and MEC are computed in parallel, and are consistent with the view that PPC cells are involved primarily in the processing of cues related to the animal's locomotor space while grid cells are more sensitive to spatial cues outside the task (Save and Poucet, 2009) . Although prior to this study there had been no direct investigation of the relationship between representations in parietal and entorhinal cortices, previous work had shown that the expression pattern of the immediate-early gene Arc was conserved in deeper layers of PPC despite a putative change in hippocampal output when rats ran on similar rectangular tracks in different rooms (Burke et al., 2005) . Those findings, along with the results from our study, support the conclusion that neural activity in PPC can be determined independently of output from the hippocampal-MEC circuit.
Nevertheless, information from PPC and MEC must be integrated somehow during bodily movement through allocentrically coded space, and there are different anatomical pathways by which this integration could take place. Spatial information could be conveyed directly to PPC via a projection from the extreme dorsal part of the lateral band of MEC, but this connection is small and likely provides insubstantial location signals to parietal areas potentially involved in action preparation (Olsen and Witter, 2009, Soc. Neurosci., abstract #101.12) . Conversely, there is a direct projection from PPC that targets the dorsolateral portion of MEC, but this connection is also weak (Burwell and Amaral, 1998; Olsen and Witter, 2010, Soc. Neurosci., abstract #101.5) . The bulk of the integration most likely takes place in anatomical regions that interface both MEC and PPC. One such an area is postrhinal cortex (POR), which is situated dorsal to MEC and posterior to PPC, and has reciprocal monosynaptic connections with both areas (Burwell and Amaral, 1998) . Another link between PPC and MEC is retrosplenial cortex (RSP), which is interconnected with PPC (Reep et al., 1994) and MEC, as well as pre-and parasubiculum (Burwell and Amaral, 1998; Wyss and Van Groen, 1992) . Lesions of RSP in rodents strongly impair navigational abilities, particularly in tasks requiring path integration (Cooper and Mizumori, 1999; Whishaw et al., 2001b; Cain et al., 2006) . Although the extent to which different areas contribute to the integration of signals from MEC and PPC is unknown, targeted manipulations of cellular activity in the pathways that connect the two areas, along with single unit recordings, will reveal how interactions between the two areas contribute to goal-oriented navigation.
EXPERIMENTAL PROCEDURES
Subjects and Electrode Implantation Neuronal activity was recorded from 11 male Long-Evans rats (3-5 months old, 350-450 g at implantation and testing) with chronically implanted microdrives (see Derdikman et al., 2009) . Microdrives contained four tetrodes made of twisted 17 mm polyamide-coated platinum-iridium (90%-10%) wires (California Fine Wire Company); the tips were platinum-plated to reduce electrical impedance to 150-250 kU at 1 kHz. At surgery, animals were anesthetized with isoflurane vapor and an intraperitoneal injection of Equithesin (pentobarbital and chloral hydrate; 1.0 ml/250 g body weight; supplementary doses: 0.15 ml/250 g). Local anesthetic (Xylocaine) was applied to skin before making the incision. For MEC implants, tetrodes were inserted 4.6 mm lateral to midline and $0.35 mm anterior to the transverse sinus and tilted $9
anteriorly in the sagittal plane. For PPC implants, tetrodes were inserted between À3.9 and À4.2 mm posterior to bregma, and 2.3-2.6 mm lateral to midline. All PPC implants were in the right hemisphere, all MEC implants were in the left hemisphere. Bone-tapping stainless steel screws were inserted securely in the skull and dental cement was applied to affix the drives to the skull. One screw served as a ground electrode. All rats were housed individually in Plexiglas cages (45 3 44 3 30 cm) in a humidity and temperature-controlled environment, and kept on a 12 hr light/12 hr dark schedule. Training and testing occurred in the dark phase. Experiments were performed in accordance with the Norwegian Animal Welfare Act and the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes.
Recording Procedure and Behavior
Rats were connected via AC-coupled unity-gain operational amplifiers and counterbalanced cables to an Axona recording system. Tetrodes were lowered in 50 mm steps while the rat rested on a towel in a flower pot on a pedestal. Turning stopped when grid cells appeared on the MEC drive (R1,800 mm) or when well-separated units appeared in PPC (500-1,800 mm). Data collection started when signal amplitudes exceeded approximately five times the noise level (root mean square 20-30 mV) and units were stable for >3 hr.
Recordings were performed as rats foraged randomly for crumbs of vanilla cookies on a black mat in a black open-field arena (1.5 3 1.5 3 0.5 m) surrounded by a black curtain. A white cue-card (95 3 45 cm) hung above the south end of the arena. The animals' movements were tracked with dual infrared LEDs, spaced 6 cm apart on the head stage (sampling rate of 50 Hz). When the rat regularly covered the entire open field in a 20 min trial (typically after 1-2 weeks), it was trained in a hairpin maze constructed by removing the mat and inserting nine black 135 3 30 3 1 cm Perspex walls in parallel grooves 14 cm apart in the underlying floor (Derdikman et al., 2009) . Rats were trained to run from east to west and west to east. Food crumbs were initially administered by the experimenter at the south end of each arm. Once the rats ran regularly (after 2-3 weeks) the food protocol was winnowed to 1 crumb in the final arms. Data were collected as rats ran 2 3 10 min in the open field, followed by a single 20 min run in the hairpin maze. For two-room ''remapping'' experiments, rats would next run a single 20 min session in a hairpin maze in a different room, and later complete a third 20 min run in the maze in the original room, followed by two 10 min sessions in open field. Rats rested a minimum of 1 hr in their home cage between runs.
In the ''virtual hairpin'' task, each rat was tested in the same arena as the open field task, with two experimenters on either side of the maze delivering vanilla crumbs at the north and south walls in an alternating manner. Baiting positions were moved successively from west to east or vice versa to mimic the running pattern and spacing in the hairpin maze. The training regime resulted in ten north-south laps similar to the hairpin maze (see Movie S1).
Spike Sorting and Analysis of Spatial Firing-Rate Maps
Spike sorting was performed offline using graphical cluster-cutting software (Fyhn et al., 2004) . Position estimates were based on tracking of one of the LEDs. The path was smoothed using a 400 ms, 21-sample boxcar smoothing window, position data were sorted into 3 3 3 cm 2 bins, and number of spikes and occupancy time were determined for each bin for all cells with more than 100 spikes. Maps for number of spikes and time were smoothed individually using a quasi-Gaussian kernel over the surrounding 2 3 2 bins (Langston et al., 2010) and firing rates were then determined by dividing spike number and time for each bin. Peak rate was defined as the rate in the bin with the highest rate. Pixels with <20 ms occupancy were omitted. A spatial autocorrelogram based on Pearson's product moment correlation coefficient was calculated for the smoothed rate map of each cell in the open field (Sargolini et al., 2006) . In each autocorrelogram, gridness was calculated for multiple circular samples surrounding the center of the autocorrelogram with radii increasing in 3 cm (1 bin) steps from a minimum of 10 cm more than the radius of the central peak to a maximum of 10 cm less than the width of the box. For each circular sample, the grid score was calculated by taking the minimum correlation at rotations of 60 and 120 and subtracting the maximum correlation at 30 , 90 , and 150 (Langston et al., 2010) . Grid cells were defined as cells with rotational symmetry-based grid scores that exceeded the 99th percentile of the distribution of grid scores obtained from shuffled data ( Figure S2 ). Spatial coherence was estimated as the mean correlation between the firing rate in each bin and the average firing rate of the eight adjacent bins (Muller and Kubie, 1989) . Correlations were calculated from nonsmoothed fields and Fisher z-transformed. Within-trial stability of firing fields was estimated by correlating rate distributions on even and odd minutes (i.e., minutes 0-1, 2-3, etc. against minutes 1-2, 3-4, etc.). Bins visited <150 ms were excluded.
Self-Motion and Acceleration-Based Rate Maps Position samples were smoothed using a 15-sample moving mean filter. Changes in an animal's position and heading direction were calculated between the start and end of a sliding 100 ms time window applied to each position sample (sampled at 50 Hz). Counterclockwise changes in movement direction fell left of the y axis in the self-motion plots, clockwise changes fell to the right. Distance from the origin was determined by how far the animal moved. Position vectors that co-occurred with spikes of a given cell were compiled in a ''self-motion rate map'' for that cell. Position vectors in each map were binned (in 0.15 cm bins for statistical comparisons and 0.25 cm bins for figures), and each map was smoothed using a Gaussian average over the 2 3 2 bins surrounding each bin (Langston et al., 2010) . A rate map was generated for each cell by dividing the number of position vectors in each bin of the spike map by the total number of position vectors from the position map. Acceleration vectors were calculated from the start to end of the same sliding time window using the same position samples. The direction of acceleration at the end of the time window was plotted relative to the animal's running direction at the start. Bins occupied less than a total of 250 ms in a 20 min recording session were excluded. For illustrative purposes, selfmotion-and acceleration-based maps from the hairpin task were made separately for westbound and eastbound trajectories; the trajectories were not separated for correlation analyses comparing self-motion and acceleration maps from the open field and hairpin maze. Calculations for determining coherence and stability of self-motion and acceleration based rate maps were the same as for spatial maps (described above). Firing field dispersion was calculated as described in the main text.
Histology
Electrodes were not moved after the final recording session. Rats were overdosed with Equithesin and perfused intracardially with saline and 4% formaldehyde. Electrodes were removed 30-60 min after perfusion, and brains were extracted and stored in formaldehyde. Frozen sections (30 mm) were cut in a cryostat, mounted on glass slides, and stained with cresyl violet. Recoding sites were located on photomicrographs obtained using AxioVision (LE Rel. 4.3) and imported to Adobe Illustrator. Electrode positions during recording were extrapolated using written tetrode turning records and taking shrinkage ($20%) from histological procedures into account.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eleven figures and one movie and can be found with this article online at doi:10.1016/j.neuron.2011.12.028.
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